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Abstract

NASA Langley Research Center's (LaRC) High Intensity Radiated
Fields Laboratory (HIRF Lab) recently conducted a series of

electromagnetic radiated emissions tests under a cooperative agreement

with Delta Airlines and an interagency agreement with the Federal

Aviation Administration (FAA). The frequency spectrum environment at

a commercial airport was measured on location. The environment

survey provides a comprehensive picture of the complex nature of the
electromagnetic environment present in those areas outside the aircraft.

In addition, radiated emissions tests were conducted on portable

electronic devices (PEDs) that may be brought onboard aircraft. These

tests were performed in both semi-anechoic and reverberation chambers

located in the HIRF Lab. The PEDs included cell phones, laptop

computers, electronic toys, and family radio systems. The data
generated during the tests are intended to support the research on the

effect of radiated emissions from wireless devices on aircraft avionic

systems.

Both test systems relied on customized control and data reduction

software to provide test and instrument control, data acquisition, a user
interface, real time data reduction, and data analysis. The software

executed on PC's running MS Windows 98 and 2000, and used Agilent

Pro Visual Engineering Environment (VEE) development software,

Component Object Model (COM) technology, and MS Excel.

This report describes the tests and automated data acquisition
systems used on location at the airport and in the HIRF Lab. In

addition, the data reduction process is discussed in detail. The main

concentration is on the application and development of the software used

for the emissions tests and data analysis. Hardware and software

interfaces are illustrated and discussed, as well as, file formats and the

development process.
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Symbols and Abbreviations

CDMACode Division Multiple Access

COM

DBm

DUT

EMC

EMI

FAA

GPS

GSM

PED

RF

RTCA

SA

VEE

Component Object Model

Decibel referenced to 1 mW

Device Under Test

Electromagnetic Compatibility

Electromagnetic Interference

Federal Aviation Administration

Global Positioning System

Global System for Mobile Communication

Portable Electronic Device

Radio Frequency

Formerly the Radio Technical Committee on Aeronautics

Spectrum Analyzer

Visual Engineering Environment
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Introduction

The goal of the electromagnetic radiated emissions experiments conducted by the HIRF Lab

personnel is to characterize the interference potential of wireless devices to aircraft

communication and navigation receivers and to develop a measurement process for evaluating

the radiated emissions produced by wireless phones. In support of this goal, the software

provided an automated method for implementing the measurement process, acquiring data, and

analyzing data. The information resulting from the conduct of an extensive series of tests is of

benefit for understanding aircraft electromagnetic interference (EMI) issues and for advancing

research performed on portable electronic device emission measurements and, thereby,

promoting safe flight.

The advancement of wireless technology has produced numerous portable electronic devices that

many people rely on daily. It is a reasonable expectation that these devices will be brought

onboard commercial aircraft. However, the operation of intentional wireless transmitters, such

as cell phones, is currently prohibited during flight and the use of unintentional wireless

transmitters, such as laptop computers, is restricted. Anecdotal data obtained from the Aviation

Safety Reporting System Database suggests that operation of PEDs onboard an aircraft may

interfere with aircraft flight systems producing anomalous behavior [Ref. 1]. It is, therefore,

important to provide an understanding supported by empirical data of the potential effects of

radiated emissions from PEDs on and around aircraft avionic systems. With this information, the

airlines, the wireless device industry, and the regulatory agencies are equipped to develop

policies that support aircraft safety.

The research currently conducted by members of the NASA HIRF Lab and its partners has

evolved around two specific efforts. Included in the research are the airport frequency spectrum

environment survey measurements and the electromagnetic radiated emissions tests conducted

on wireless devices. During the summer of 2000, several members of the NASA HIRF Lab

traveled to the Atlanta Hartsfield Airport and working together with Delta Airlines personnel

setup and conducted tests to monitor the electromagnetic environment present at an airport

terminal gate and outside a loading ramp. The tests were designed to provide a picture of the

electromagnetic environment that may be present at an airport outside the aircraft with an

emphasis on aircraft communication and navigation frequency bands and signals produced by
PEDs.

A related but different series of emissions tests were conducted at NASA LaRC in a semi-

anechoic chamber and a reverberation chamber on an assortment of cell phones and other

wireless devices. Numerous emissions tests were performed to determine the effects produced

by various cell phone power levels and operating modes, by manipulating a cell phone while

transmitting, by extending and retracting a cell phone antenna, and by holding a cell phone close

to a human head or an arm's distance away. Included in the test series were tests to characterize

any effects produced as cell phone battery power was exhausted. The results of the tests were

analyzed and the data correlated between chambers.
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Thesoftwarerequirementswerederivedfrom theexperimentalnatureof thetests. Themain
objectiveof thetestsoftwarewasto developanautomatedmeasurementprocessfor capturing
andrecordingradiatedemissions.As exacthardwareconfigurations,measurementconditions
andvariableswerenot knowninitially, softwareflexibility wasanecessity.Thesoftware
providedtheability to controlinstrumentsandassignparametersthatmayvary dependingontest
conditions. In addition,thetestsoftwarewasusablein eithersemi-anechoicor reverberation
chambersandwith varyinginstrumentation.Feedbackwasprovidedin theform of instrument
settingsanddatadisplays.As softwaredevelopmentprogressed,additionalrequirementswere
identifiedandimplemented.

Thecell phoneemissionstestsandbatterylife testsproducedlargeamountsof data,someof
whichwereredundantandnot in supportof theanalysisprocess.In orderto reducethetime
requiredfor datareductionandanalysis,softwarewasdevelopedto manipulateandorganizethe
datato amanageablesize. Softwarewasdesignedandimplementedto providethecapabilityto
identify andsortextraneousdataandto consistentlydisplaydatausingMS Excel spreadsheets
andcharts.

Thispaperdescribesthedevelopmentof measurementanddataacquisitionsystemsfor both
seriesof tests,thecontrolsoftware,andthedatareductionsoftware.Also, describedarethe
applicationprocedures,softwareevolution,anddevelopmentof a softwaretool set. Theuser
interfaces,softwarecapabilities,andfuturedevelopmentarediscussedin detail.

Test and Software Architecture

Test and data analysis requirements mandated the development of a software tool set. The set

includes three separate software implementations. The Electromagnetic Interference (EMI) Test

Software was used during emissions testing to control data acquisition and to capture and record

data. The EMI Data Reduction and Plotting Software was used to reduce and analyze data in a

consistent and timely manner. The EMI Battery Life Data Screening Software was used to

reduce, screen, and identify pertinent data.
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Figure 1: Block Diagram of Measurement Tasks and Analysis Tasks

Test measurement tasks and data reduction tasks can be associated directly with the software

utilized to perform each task. Figure 1 is a block diagram of the measurement and analysis tasks

conducted during the PEDs radiated emissions effects research effort. The tasks that were

software-supported and automated appear in dashed-lined blocks. The tasks performed manually

appear in solid-lined blocks. The diagram illustrates that all measurement tasks were automated

using customized software. In addition, software was provided for data reduction and analysis

for all test data except the EMI Environment Survey Measurements. As illustrated, all data, both

reduced and raw, was stored and resides in a database.

Figure 2 relates the measurement and analysis tasks of Figure 1 to the software utilized to

perform the tasks. Each block in Figure 1 has a corresponding block in Figure 2. The dashed-

lined blocks represent specialized software used to support the tasks as specified in Figure 1. For

instance, the Semi-Anechoic Emission Measurements task illustrated in Figure 1 was

implemented using the Emissions Test Operation in the EMI Test Software shown in Figure 2.

The solid-lined block represents software that was utilized manually to perform a task. Lines are

drawn to indicate the data reduction and analysis software employed to process data from each

test. Automated data analysis included the Data Reduction and Plotting Software and the Battery
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Life DataScreeningSoftware.
produceddatafiles.
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Figure 2: Block Diagram of Emission Test and Data Reduction and Analysis Software

Software design utilized an object-oriented methodology. Functions needed to perform tasks

were identified, implemented, and tested. Selection of ActiveX components to perform

computational and plotting tasks was based on functionality, familiarity, and ease of use. The

user interfaces were designed and modified on a user feedback basis. File formats were designed

to be compatible among the various software tools. Error trapping and handling were designed,

but only partially implemented and presently include file I/O and instrument communication
fault detection.

Airport EMI Environment Survey Test

Test Description

The Airport EMI Environment Survey Test requirements were to monitor the environment for

electromagnetic radiated signals, capture the measurements, and record the data. The test

employed two fully automated spectrum monitoring systems as presented in the block diagram in
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Figure 3. Each system consisted of a control computer, a preamplifier, an HP8561E spectrum

analyzer (SA), a broadband omni-directional antenna, an IEEE-488 bus, and radio frequency

(RF) cabling. Figure 4 shows the monitoring instrumentation, including control computers and

spectrum analyzers on location. Antennas were mounted at a gate inside a terminal and outside

a loading ramp. Table 1 lists the test frequency ranges, resolution bandwidths, reference levels,

and attenuation for the spectrum analyzer used during testing. The frequency ranges were

selected to include the operating frequencies of cell phones and other wireless devices that might

be present, as well as, aircraft and ground control communication and navigation signals. The

tests collected and recorded data in one-minute time intervals for an extended time period of

hours or days without interruption. During the one-minute interval, the spectrum analyzer was

set on peak hold. At the end of the interval, the trace was downloaded to a file and reset before
the next measurement.

  niT i nd I I
D_i_ _

_qui_itiPn I I

C°mput_ I IEEE- I

488 Bus

c0nt_01and _

Data

A_qU!SifiOn
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Spectrum

Analyzer

HP8561E

Spectrum
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Loading

Ramp

Terminal

Gate

Figure 3: Airport Spectrum Monitoring Configuration

Figure 4: Airport Spectrum Monitoring Instrumentation [Ref. 2]
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Frequency Range Resolution Reference Level Attenuation (dB)

(MHz) Bandwidth (dBm)

20 - 2500 2 MHz -10/0 0/10

2400 - 2500 100 kHz - 10 0

20 - 108 100 kHz -10 0

138 - 462 100 kHz -10 0

470- 835 1 MHz -10 0

Table 1: List of EMI Environment Survey Test Parameters.

Software Description

To provide continuous environment monitoring, the software automatically controlled data

collection and recording until specifically stopped. The software supplied the capability to

remotely change specific spectrum analyzer settings, download trace data, and display

measurements. Displays consisted of a plot conveying data magnitude expressed in decibels

versus frequency expressed in megahertz. In addition, a plot showing running maximum levels

or "max hold" over the frequency range was displayed.

The software was designed to run on a system consisting of a PC running MS Windows 2000

operating system. It used an IEEE-488 bus for instrument communication and data collection.

Communication with an HP8561E Spectrum Analyzer was accomplished using Agilent VEE's

direct I/O commands.

Setup & Operation

The software initially clears the lEEE-488 bus, setting the Spectrum Analyzer (SA) to its default

state. Several of the SA state and control functions are controlled remotely by software using the

parameters listed in Table 2. These parameters are automatically set during software
initialization.

Parameter Setting
Units dBm

Sweep Mode Continuous

Detector Mode Maximum Hold

Trace Length 601

Vertical Scale 10 dB/division

Table 2: Initialization Software Parameters and Settings

Figure 5 shows the layout of the main panel of the EMI Environment Monitor Software. The

panel is divided into three sections, the Operations Menu section, the Spectrum Analyzer Stats

display section, and a lower section that displays the status of the test. The Operations Menu

lists the SA parameters that may be changed, as well as, selections for entering a data file name

and defining the frequency range using the start and stop frequency. The dwell time is variable
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andreflectsthewait time in secondsbetweenstartingameasurementandendingameasurement.
At thecompletionof a dwell timeinterval,a traceis downloaded,recorded,andthetracereset.
Theuser-changeableSA parametersincludefrequency,sweeptime,referencelevel, attenuation,
andresolutionbandwidth. TheOperationsMenusectionhastwo buttons.TheStartTestbutton
beginstheautomatedtestincludingdataacquisitionandrecording.TheStopTest& Savebutton
stopsdataacquisition,savestheopenfile, andexits theprogram.

Figure 5: Main Screen for EMI Environment Monitor Software

The Spectrum Analyzer Stats display section shows the immediate values of the SA parameters.

The displayed parameters are obtained directly from the SA and updated regularly every two

seconds. As parameters are changed in the Operations Menu, their new values are displayed in

this section. In some cases where an illegal parameter value is requested, the display of that

parameter value will be different from the one commanded by the software, as the SA reverts to

a legal value. The Resolution Bandwidth, Sweep Time, or Reference Level parameters are

coupled within the SA and incompatibilities can occur when modifying their values. The SA

may revert to default values, the closest legal values, or change another parameter. If illegal

values are used, the SA will display a warning message.

The bottom section of the Main Panel updates bookkeeping counters and provides information

on a test's current time status and progress. The information is given in terms of minutes and

columns, hours and worksheets, and days and workbooks. The "minutes" display is directly

related to the dwell time. Each increment in the minutes display represents the expiration of a

dwell time interval. To accommodate future tests, it was desirable to add flexibility to the

software by making the dwell time a variable. It should be noted that the dwell time can equal

values other than 60 seconds. In that case, the "minutes" display will not represent a time

interval equal to 60 seconds, but whatever the value to which the dwell time parameter was set.
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It will still representthenumberof columnsof datarecorded.For instance,if thedwell time is
120seconds,thenmeasurementsaretakenfor two minutesanddatarecordedeverytwo minutes.
Thus,aonein theminutesandcolumndisplayrepresentsonecolumnof dataeverytwo minutes.
Thedisplaysimplyrepresentsthenumberof timeintervalsthathavecurrentlyexpired. During
theEMI EnvironmentSurveyTestthedwell time wasalwaysequalto oneminute,andthe
softwarewascustomizedto reflect therequirement.Therefore,thereis adirectrelationship
betweenthedisplaynomenclatureandthedwell timeusedduringthetest.

In addition,thissectiondisplaysplotsof thecurrentSA trace,andthe "maxhold" trace. The
plot containstwo markersthatcanbemovedandactivatedto pointsonthegraph. Theplot will
thendisplaythecorrespondingfrequencyandmagnitudevaluesof themarker. Theprogram
executescontinuouslyuntil the StopTest& Savebuttonis selected.

Data Acquisition

The data acquisition process is fully automated and runs until specifically stopped. The process

begins by clearing the SA trace, waiting the required dwell time, then downloading and

recording the SA trace. These functions are repeated until the test is terminated. The current

trace represents the maximum magnitudes at each frequency measured over the frequency range

for the specified dwell time. A running maximum value for each frequency is calculated as the

test progresses producing a "max hold" trace. Both traces are continuously updated and

displayed in the plot at the bottom of the screen. The software applies no calibration data.

Excel functions are used from within the VEE environment during the execution of the test

software. Accessing Excel functions is possible using ActiveX technology. A client/server

relationship exists between VEE and Excel within the Component Object Model (COM)

technology. COM is a software architecture that provides for application components, objects,

and their interoperability. The objects or ActiveX controls are utilized using Visual Basic Script

(VBScript). VBScript is a Microsoft Window's platform interface that can access ActiveX

components. This technology allows Excel ActiveX automation libraries to be loaded into

computer memory and utilized within the VEE development software. The exposed library

objects are employed using VBScript. Object methods and properties are utilized to select and

activate spreadsheets, record data, and open and save files.

Database Structure

Data were recorded into MS Excel files and text files. An entire Spectrum Analyzer trace

consisting of 601 data points was recorded in an Excel spreadsheet column and to a text file

approximately every minute. Frequencies were listed in the first column of each worksheet.

Sixty traces or columns were recorded and saved to one spreadsheet, representing one hour, and

then another sheet was started. After 24 spreadsheets, representing 24 hours, were filled the MS

Excel workbook was closed, the file saved, and another workbook opened. This format

produced a worksheet per hour and a workbook per day. In addition, a header comprised of a

date, time, start frequency, stop frequency, SA resolution bandwidth, SA sweep time, SA

reference level, and SA attenuation was recorded in the first two lines of each worksheet.
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Thenamingconventionfor outputdatafiles wasrootname+ date+ time+ .xls. Thedateand
timewereautomaticallygeneratedandreflectedthemomentthat anoutputdatafile wasopened.
Theworksheetscomposingeachfile werenamedusingthedateandtime stampwhenthefirst
tracedatawasenteredinto theworksheet.Thenamingconventionfor worksheetswasrootname
+ "Start"+ date+ time. Text filesweresavedandnamedthesameasworksheetswith a.dat
extension.Table3 listsexamplesof thefile namingconventionasappliedfor text files and
Excelfiles.

Text File Names Excel File Names

Testl Start-07-Sep-2000_10-49-07.dat Testl07-Sep-2000-10-49-07.xls

Testl Start-06-Sep-2000_12-10-12.dat Testl06-Sep-2000-12-10-12.xls

Test2 Start-27-Aug-2000_l 0-11-09.dat Test227-Aug-2000_l 0-11-09.xls

Test2 Start-26-Aug-2000_14-13-15.dat Test226-Aug-2000_14-13-15.xls

Table 3: Examples of Text and Excel File Names

As seen in Figures 1 and 2, no automated data reduction software was developed for handling

and plotting the data produced during the EMI Environment Survey Test. The reduction process

was manually performed using MatLab software to process and plot data. Using plotted data,

frequencies were identified and their relative magnitudes and time of presence were compared.

HIRF Lab EMI Tests

Test Description

In support of the FAA's Electromagnetic Hazards to Aircraft Systems (EHAS) Plan and a

FAA/LaRC Interagency Agreement, the HIR Lab conducted a series of EMI tests on cell

phones and some preliminary tests on various other portable electronic devices. A goal of the

cell phone testing was to determine if spurious signals emitted by cell phones have the potential

to interfere with aircraft communication and navigation systems. EMI tests were conducted in a

semi-anechoic chamber and a reverberation chamber at NASA Langley Research Center. A

process for conducting the measurements in two types of chambers was needed and developed.

The software contributed to the implementation of the process.

Test instrumentation consisted of either an HP8561E or Agilent E4407B Spectrum Analyzer, an

HP85644A Tracking Source, RF filters, preamplifier, and transmit and receive antennas. During

emissions testing, the tracking source was removed and the transmit path connection was

terminated. Different frequency bands were tested preceded by chamber and cable calibrations.

Antennas used were appropriate for test frequency bands and included log periodic, dual ridge

horn, biconical, and Global Positioning System (GPS) survey. Input power was used during

reverberation chamber calibrations, cable calibrations, and for verification of antenna factors in

the semi-anechoic chamber. During actual testing, a transmit antenna remained in the

reverberation chamber, but was removed from the semi-anechoic chamber. To obtain a lower

noise floor and to eliminate effects such as equipment saturation caused by cellular transmissions

within the test bands, a combination of RF filters and preamplifiers was used in both test
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configurationsandarereferredto collectivelyasanexternalattenuator.Theexternalattenuator
wasusedduringtestsperformedin FrequencyBandsB1 andB2 aslistedin Table4.

TheUniversityof OklahomaCenterfor WirelessEMC wascontractedto supplythecell phones,
base-stationcontrolequipment,keypadentrycodes,operationalmodes,andexpertise.Thetests
requiredthecell phonesto beoperatedat severalpowerlevels,channels,andvoicerates.Since
anisolatedcell phonecannotcommunicateoroperatein atypical fashion,testswereconducted
usingthreemethodsto simulatecommunicationandmodesof operation.Thesemethods
includedbase-stationequipment,softwarecontrolledtest-harness,andcodesenteredbykeypad.
Thecell phonesthat weretestedutilizedeithera CodeDivision Multiple Access(CDMA) or a
GlobalSystemfor Mobile Communication(GSM)technology.It wasnecessaryto havea
personinsidethechamberduringtestingto enterkeypadcodes,to changephonepositions(semi-
anechoicchamberonly), andto answerandterminatecalls.

Frequency Frequency Antenna Resolution Reference Sweep

Band ID (MHz) Bandwidth Level Time (ms)

(kHz) (dBm)

B1 105-120 Biconical 10 -10 375

B2 325-340 Dual Ridge 10 -10 375
Horn

B3 960-1215 Dual Ridge 100 20 64
Horn

B4 1565-1585 GPS 10 -10 500

Survey

Table 4: List of EMI Test Parameters

Test Configuration

Table 4 is a list of frequency bands and other instrument and test parameters employed in tests

conducted in both chambers. Figure 6 illustrates a reverberation chamber EMI test setup. The

receive antenna represents any of the antennas previously mentioned. The diagram shows the

position of a cell phone and a base station antenna on a foam block test stand located in the

center of the chamber. The two stirrers located in the corners of the chamber were continuously

rotated at 5 revolutions per minute during chamber calibration and EMI testing. Having a person

inside a chamber during testing contributes to chamber power losses. For this reason, chamber

calibrations were conducted with a person inside.
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Figure 7 illustrates the semi-anechoic EMI test setup. Antenna factors were verified using a

reference dipole antenna placed on a foam test stand with no phone present. During testing, the

dipole was removed and a phone placed on the test stand as seen in the diagram. Phones were

tested in vertical and horizontal positions. The foam test stand was slowly rotated during testing.

Semi-Anechoic Chamber Testing

A semi-anechoic chamber is a shielded room with specially treated absorber material attached to

the walls and ceiling to prevent reflections of electromagnetic waves. It is used for testing the

electromagnetic radiated susceptibility or compatibility of electronic devices. Radiated

emissions measurements are conducted by measuring power at a receive antenna in terms of

dB_tV/m. Emissions from test articles are measured in one plane and one polarization at a time.

To achieve a more comprehensive characterization of a test article, it or the receive antenna must

be repositioned and reoriented several times. This allows for the measurement of emissions from

more than one face of the test article, such as top, bottom, and sides. Numerous positions

produce a more comprehensive data set on which to base characterization of a test article.

The cell phone emissions testing conducted in the semi-anechoic chamber was based on the

RTCA DO-233 EMI testing procedures. As per the testing guide, test objects were placed on a

non-conductive foam table approximately 0.8 meters from the conductive floor. A receive

antenna placed on an antenna positioner approximately 1 meter from the cell phone measured

signals emitted from the test object. Test objects were rotated on a foam table during testing.

Measurements were conducted on the receive path to determine path loss factors. Emissions test
measurements were normalized with the calibrated data.

To compare measurements between semi-anechoic chamber data and reverberation chamber

data, it was desirable to have all measurements in terms of power in dBm. To accomplish this,

certain assumptions and conversions were made. The electric field intensity measurements

obtained during semi-anechoic chamber testing assumed an isotropic radiator. Also, the antenna

factors obtained from the manufacturer assumed a free space input relative to a 50 Ohm output.

To obtain radiated power measurements in terms of total radiated power in dBm, several

conversions were made. Equations (1) and (2) basically define the process. The measured

voltage in dBgV units, antenna factors, and receive cable losses are used in a standard formula,

Equation (1), to obtain the electric field intensity. Equation (2) is a DO-233 formula for

converting electric field to total radiated power in watts. It assumes distance, R, equals to one

meter. Applying unit and power conversions produces Equation (3). Additional calculations,

which are defined below, give Equations (4) and (5). Equation (6) defines the total radiated

power in terms of power measured at the SA with losses and conversions applied. The

expression relates the measurements at the SA and the radiated power emitted by a test article

during emissions testing in a semi-anechoic chamber ]unpublished data from J. Ely, Langley

Research Center].

Given:

Et,l_.v /.,) = VM_,t,I_.v ) + AF(,I_) + LRecCable(cl,) (1)
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PTotRad (W ) :

2 ]2E(v/. 0 * 47/-R 2 [lO-6E(uv/.o

120x 30
(2)

Where,

E(,l.uv/.,_ = Radiated electric field intensity (dB_tV/m)

V_lea.(,i..v_ = Measured voltage (dB_tV)

Pro,Ra,_(w_= Total radiated power (Watts)

AF(,_._ = Antenna factor from manufacturer (dB)

LRecC_b_e(,_._= Receive cable loss (dB)

R = Distance (m) = 1

(Watts

Converting power in watts to power in dBm using dBm = 10 Log [_J, produces Equation

(3).

}ero,R_,l(,,..,):lO / .OOl L /.OOl/

Pvo,R_,l(,l_.,)= -104.77 + E(,l_.v/.,) (3)

Where,

PTotRad ( dBm ) = Total radiated power (dBm)

Substituting Equation (1) into Equation (3) produces the following:

Pro,R_,I(,I_,,)= V_l_a,(,l_,v) + ( AF(,lm- 104.77)+ LRecCable(_lB ) (4)

V_l_,(,_,v) is needed in terms of Total Radiated Power Measured in dBm. Using the following

standard equations for conversions and assuming 50 Ohms produces Equation (5).

Watts- V°lts2, dB_tV = 20 Log(V°lts_ (Watts_
Ohms _ 10_6 ), dBm : 10 Logk. 10_3 ),

T f( 1 _(volts2_l
)I

PSA_I_,(,_,,,_= dBpV - 107

dBpV = PSA_I_,(,_,,,_ + 107 (5)

Where,
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PSAMea,(_I_,,)= Power measured at the Spectrum Analyzer (dBm) during test.

Substituting Equation (5) into Equation (4) produces the following:

Pro,Ra_W_,,,)= (Ps_ea,(_,,,)+107) + (AF(_) - 104.77) + LI_ecCab_(_i_)

Combining terms produces Equation (6).

eTotRacl(clBm) = eSAMeas(clBm)+ LrcecC.b_(_iB)+ AF(_B) + 2.23 (6)

To determine the receive cable losses, a known amount of power was input at the antenna

connector and measurements were made at the receiver. The receive path calibration factors

were measured at frequencies that included the test frequency range. In order to reduce the noise

floor, as previously discussed, external attenuation was added depending on test frequencies.

The attenuation then became part of the receive path loss. The noise floor was determined with

the device under test (DUT), in this case cell phones, turned off. Emissions test measurements

were then conducted using the chamber configured as in Figure 7 with phones turned on. The

electric field measurements obtained during the emissions tests were converted to total radiated

power by applying the receive cable loss data and the antenna factor data as furnished by

manufacturers to the measured power and applying Equation (6).

Reverberation Chamber Testing

A reverberation chamber is a shielded enclosure designed to reflect and propagate

electromagnetic signals in order to obtain statistically uniform fields within the enclosure.

Radiated susceptibility tests and emissions tests are conducted within the chambers. Tests

conducted in reverberation chambers rely on several different methods to produce a statistically

uniform electromagnetic environment [Ref. 3]. Two of these methods are mode-stirring and

mode-tuning. Stirrers with reflective surfaces are rotated continuously during mode-stirring or

stepped equal intervals for a complete rotation during mode-tuning. A transmit antenna is used

to inject a known power during calibration. During emissions testing, no power is directly

injected while the power emitted by a DUT is measured. Measurements are made in terms of

total radiated power in units of dBm. The quality of the electromagnetic field uniformity

throughout the chamber is affected by the chamber's construction and geometry. The advantages

of using a reverberation chamber are that total radiated power can be measured, testing does not

require repositioning DUT or antenna, and the testing process is expedited. For further

information on reverberation chambers, see Reference 3.

The tests conducted in the HIRF Lab reverberation chamber on cell phones were concerned with
emissions measurements and used the same instrumentation as tests conducted in the semi-

anechoic chamber. The tests relied on mode-stirring, using two stirrers placed at opposite ends

of the chamber as illustrated in Figure 6. Chamber, receive path, and transmit path losses were
measured. Emissions test measurements were normalized with the calibrated data.
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Equation(7)definesthemeasuredtotal radiatedpowerasappliedduringtesting. Total radiated
powerin areverberationchamberis thencalculatedby normalizingthemeasureddataby the
lossfactors. Thatis, the lossfactorsareusedto determinethetransferfunctionthatis appliedto
thetestmeasurements.Here,thelossesincludechamberlosses,transmitcablelosses,and
receivecablelosses.During testing,thechambercalibrationfactorwasdeterminedasdefinedin
Equation(8)andincludedtransmitcablelosses,chamberlosses,andreceivecablelosses.Taking
thedifferencebetweenEquations(7) and(8)andmanipulatingtermsgivesEquations(9)and
(10). Equation(10)wasusedduringthedatareductionprocessto determinethetruevaluefor
thetotal radiatedpower.

PTotRad(dBm) : PSAMeas(dBm) -[- Lchmbr(dB) -t-LRecCable(dB) (7)

CF = (Px,,,_,C_b_e(_)- PSAMe_,(_,,,)) = Lch,,,br(dB) + LR_Cable(dB) + Lx,,,itCable(dB) (8)

Taking the difference between Equations (7) and (8) and rearranging terms results in Equations

(9) and (10).

Pro,Rad(_l_,,,) -CF = PSAMea.(_i_.,)- LxmitCable(dB)

PTotRad(dBm) = PSAMeas(dBm) - LxmitCable(dB) + CF

(9)

(10)

Where,

Pro,R_(_,,,) = Total radiated power (dBm)

PSAM_a,(_,,,) = Power measured at the SA (dBm)

Lchmb,.(dB) = Reverberation chamber loss (dB)

LRecC_bi_(__ = Receive cable loss (dB)

Lx,,,i,c_b_(_) = Transmit cable loss (dB)

CF = Chamber Calibration Factor (dB)

Prior to running the emissions tests in the reverberation chamber, cable, and chamber losses were
measured and recorded. The transmit cable losses were measured from the source to the antenna

connector. The measurement reflected in the variable Li_ecc_b_(_i_) included attenuation, as well

as, cable losses. The chamber calibration factor was measured by injecting a known power into

the chamber using a tracking source and measuring the receive power at a spectrum analyzer.

The chamber calibration factor included the transmit cable loss, the chamber loss, the receive

cable loss, and attenuation. A noise floor power measurement was conducted with cell phone off

to determine the ambient environment. Next, emissions measurements were done with cell

phones on. Equation (9) was applied using the chamber calibration factor, the transmit cable

loss, and the measured power as described. Calculations were performed in log scale or dBm
units.
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Software Description

As illustrated in Figure 6 and Figure 7, similar automated test and data acquisition systems were

used in both chambers. The EMI Test software was executed on a laptop computer running MS

Windows 2000. The test controller, spectrum analyzer, tracking source, and stirrer controller

utilized an IEEE-488 bus for data transfer and communication. The control software managed

the test instruments, test procedure, and data transfer and recording. The software was capable

of handling either the HP8561E or Agilent E4407A Spectrum Analyzer. During emissions

testing, the software was able to place the tracking source to an offline state.

The EMI Test software was developed in order to place specific operational procedures required

for the conduct of emissions testing within one control system. Calibration procedures,

emissions testing methods and procedures, and spectrum monitoring controls were identified and

developed into one test system. The operations were selectable from a menu on the Main Panel.

Emissions test procedures were developed to allow use in either a reverberation or semi-anechoic

chamber. The test methods incorporated a variable dwell time that permitted measurements to

be conducted over a user-specified time period. This time period was varied depending on type

of testing conducted. The main functions of the continuous environment monitoring operation in

the EMI Environment Monitor Software were retained with modifications in the Spectrum

Monitoring Operation of the EMI Test Software. Changes included application of calibration

data to the measured data and display of raw and calibrated data. Each operation in the EMI Test

Software required its own user interface for control of parameters, tests, and data collection.

Calibration

The Calibration Operation is executed by selecting Chamber/Cable Calibration from the Main

Panel Menu. The operation includes procedures for measuring power losses, such as
reverberation chamber calibrations and transmit and receive cable calibrations. Data is stored in

the form of formatted text files that provide input to the emissions testing operation where the

calibration factors are applied to raw data.

The Calibration Panel is presented in Figure 8 as an example of a user interface. The dual

functionality of this panel and underlying operation demonstrates the flexibility of the software.

Power loss measurements performed in the reverberation chamber included chamber and

transmit cable calibrations. Power loss measurements performed in the semi-anechoic chamber

included receive cable calibrations. The Calibration Operation serves as an automated means of

collecting data and computing the power losses. Power loss is defined in Equation (11) as the

difference between the input power and the measured power at the receiver less any attenuation.

The software utilizes the formula presented in Equation (11) to compute power loss ratios.
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Figure 8: EMI Test Software User Interface

Power loss ratio(dB) = Pinput - Pmaxrec -Extemal Attenuation (11)

Where,

Pinput = input power at each frequency (dBm)

Pmaxrec = measured maximum receive power at SA for each frequency (dBm)

External Attenuation = external attenuation (dBm), an input variable

This equation was used for cable and chamber calibrations as needed for either type of chamber.

Calibrations and tests performed in Frequency Bands B 1 and B2 used an external attenuator. As

no external attenuation was needed during other calibrations, the attenuation value was zero and,

therefore, did not contribute to the computed result. However, it became a factor during

calibrations where an external attenuation was a non-zero value. Due to these criteria, the

equation was valid for both types of calibrations. Factors determining which calibration is

performed included the hardware configuration, the values assigned test parameters, and the

application of the data.
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Setup and Operation

An Operations Menu is part of each user-interface and is used to specify instrument parameters

and test control information during setup. An example Operations Menu is presented in Figure

8. Changes to spectrum analyzer and tracking source function values are reflected in the Status

area. Setting a start and stop frequency and a data file name is mandatory. The software handles

setting parameters and querying instruments for current values. It also commands instruments to

perform functions such as clearing the SA trace, setting the SA to a peak hold mode, capturing

and downloading a trace, setting RF on or off, and reporting errors. Run Cal automatically

utilizes test parameters, controls the instruments, waits the user-specified dwell time, and

captures and records the trace to a data file. During calibration, a data trace is plotted and

displayed in the lower part of the panel.

The Emissions Test and Spectrum Monitoring interfaces are similar to the Calibration interface.

The Operations Menus include the same entries with the addition of an entry for the cable and

chamber calibration file names and type of test facility. The data plot at the bottom of the panels

contains a raw data trace and a trace with calibrations applied. The Spectrum Monitoring panel

is the same as that discussed previously in the EMI Environment Monitor software with the

addition of calibrated data in the display.

Selecting Exit returns to the Main Menu. From the Main Menu, any of the operations may be

selected or tests rerun. However, in the current software version, setting the status of the

tracking source to on or off is accomplished during the initialization process. In order to change

the status, the software must be restarted. Future development will modify the method and

interface for setting the tracking source status.

Hardware configurations and test parameters determined whether cable or chamber calibrations

were performed during the EMI testing in the HIRF Lab. The dwell time for a cable calibration

was relatively short compared to a reverberation chamber calibration. During a reverberation

chamber calibration and test, the dwell time was 120 seconds. Reverberation chamber tests

require this value to be greater than or equal to a stirrer rotation time. Cable calibrations utilized

a dwell time of only 2 seconds. Calibrations required the tracking source be online to provide

transmit power. Setting the source's power amplitude level in the Operations Menu enabled

control of the input power level.

Data Acquisition

A degree of independence between test locations, hardware configurations, and automated

operations was implemented within the software. The Run Cal Operation and the Run Test

Operation were used to begin the process of collecting data. The Run Cal operation was used

during cable and chamber calibrations. The Run Test Operation was used during emissions

testing in the semi-anechoic and reverberation chambers. Both operations automatically utilized

test parameters, controlled instruments, and determined and applied proper calculations. In

addition, the operations waited the user-specified dwell time, and then captured and recorded

trace data to a file. Much of this activity was dependent on the type of facility and test

conducted. Based on instrument and test parameters, the software handled the application of
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calibration data and instrument control. The Emissions Test Operation used the type of chamber

specified to document and to determine the correct equation and calibration data to apply when

computing power measurements. Measurement time was controlled by the dwell time

parameter and varied depending on type of test being conducted.

One of the functions of the Emissions Test Operation was to determine calibration factors for

each test frequency and apply the factors to the measured data. To do this, the procedure utilized

calibration data and interpolated where corresponding data could not be found. Using this

method, calibration test data was valid for use with several different emissions tests even when

the frequencies were not exactly the same. The only requirement was that the emissions test

frequency range be contained within the calibration data frequency range. Capitalizing on VEE's

capability to interface with other MS Windows applications, a MatLab interpolate function was

utilized. ActiveX and VBScript technologies were used to input data to MatLab and compute

values. The software utilized Equation (6) for tests conducted in the semi-anechoic facility to

compute total radiated power in dBm. Equation (10) was applied for test run in the reverberation

chamber to determine the true measurement or total radiated power in dBm.

The Spectrum Monitoring Operation was used during the cell phone battery life testing
conducted in the reverberation chamber. Its functions are similar to the Emissions Test

Operation except testing is continuous until stopped. Using this operation, tests were run for

many hours and often for days to determine the effect of battery exhaustion on the emission of

spurious signals.

Database Structure

The Calibration Test Operation of the EMI Test Software writes data and a header to a text file.

The data is recorded in three columns that include frequency, power loss, and maximum receive

power. The frequency column is a list of all frequencies within the selected spectrum. The

maximum receive power is the power in dBm units measured at the SA at each frequency. The

power loss or calibration factor reflects the difference between input and output power at each

frequency.

The Emissions Test Operation used data from the Calibration Test Operation output data files

and applied the values to the raw measurements. Data were recorded in Excel spreadsheets using

an ActiveX interface as previously described for the EMI Environment Monitor Software.

An Excel file or workbook was composed of four worksheets where each worksheet contained

ten sets of data consisting of two columns per set. Each data set included a column of raw or un-

calibrated data and another column of total radiated power values or calibrated data. The first

column in each spreadsheet was a list of test frequencies. In addition, a header was added to

each spreadsheet. The header consisted of a date, time, start frequency, stop frequency,

resolution bandwidth, sweep time, reference level, SA attenuation, external attenuation, and the
calibration data file names.

The file format for the Spectrum Monitoring Operation is the same as discussed in the EMI
Environment Monitor software section with the addition of calibrated data columns. Correction

factors from data files created during the Calibration Operation are applied to the measured data.
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As aninput sourceis notrequiredduringspectrummonitoring,thetrackingsourceis setto
offline by thesoftware.

Thedatafile namingconventionsconformedto therequirementsof thetestplanandare
illustratedbelow:

ChamberType+ MeasurementType+ PhoneType+ PhoneModel+ Modeof Operation+
FrequencyBand+ PhoneOrientation(Semi-AnechoicChamber)+ SpecialTestSuffix + Date
andTime

Someexamplesof file namesandtheirmeaningaregivenhere:

SACCblCalB1- denotesacablecalibrationconductedin semi-anechoicchamberusing
FrequencyBand1

RCAEmeasCDM1MPmaxPRvarB1KPD13-8-2001-15-45-23- denotesemissionstest
conductedin reverberationchamberA onaCDM typephone#1usingmaximumpower,variable
phonerate,in FrequencyBand 1,usingkeypadcodesonAugust13,2001at3:45:23P.M.

RCAEmeasCDM2 MPUPPReigh B1BS13-8-2001-11-40-20- denotesemissionstest
conductedin reverberationchamberA onCDM typephone# 2, with powerlevel alwaysup,
phonerateis oneeighth,in bandwidth1,usingbase-stationcontrol onAugust13,2001at
11:40:20A.M.

Thedateandtime wereautomaticallyappendedto afile nameasatest started.EmissionsTest
datafileswereorganizedintodirectoriesby chambertypeincludingthecalibrationdatafiles.
Batterylife testdatafiles wereplacedin abatterylife directorywhereeachfile namewasalso
datedandtime stamped.

Data Reduction Tools

The cell phone emissions tests and the spectrum monitoring tests generated gigabytes of data that

are contained in Excel spreadsheets. Manually post processing data using Excel proved to be

slow and inconsistent. It became obvious that a method was needed to expedite the data

reduction and plotting tasks. Therefore, two customized and automated processes were

developed and implemented. One of the processes handled the Emissions Test output data files

and the other the Spectrum Monitoring output data files. The processes were developed to run

on PCs using MS Windows 98 or 2000 using VEE and Excel ActiveX objects. The software was

used to automatically generate data plots using consistent formatting and to scan through large

amounts of data quickly.

The Data Reduction and Plotting Software is a tool used to view and plot data collected during

emissions testing. It imports several user-designated data files, plots the data into Excel charts,

and provides appropriate labeling and titles. The software was used to plot all the emissions test

data. It allowed several data sets to be plotted on one chart using consistent plotting parameters.
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Duringanalysis,it wasimportantfor chartsto useaconsistentarrayof colorsto portray
informationandto utilize comparableaxes.

TheBatteryLife DataScanningSoftwareis ananalysistool for viewing datageneratedby the
SpectrumMonitoring Operation.It automaticallyimportseachdatafile locatedwithin auser-
specifieddirectoryandplotsthedata. A quick analysisof thebatterylife datawasconducted
usingthis softwarein orderto spotspuriousradiatedsignalsthatmayhaveoccurredasbattery
powerwasexhausted.

Data Reduction and Plotting Software

Design

The block diagram in Figure 9 illustrates the design of the Data Reduction and Plotting Software.

All five operations are within the scope of the Main Panel. The numbers in each block indicate

the normal order of operation. However, operations may be selected at any time or order. Excel

ActiveX objects are utilized to display, plot, and save data.
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Figure 9: Design of Data Reduction and Plotting Software

While some flexibility was designed into the software, it remains very specialized and at present

only handles data produced by the EMI Test Software Emissions Test Operation. In addition, its

plotting flexibility is somewhat limited. Future versions are expected to expand the input file

formats allowed and to utilize MatLab plotting functions, as well as Excel charts. Plotting

parameters will be more numerous in future versions and will be user-controlled.

Operation

Figure 10 presents the Main Panel of the Data Reduction and Plotting Software. An Operations

Menu provides for entering one or more file names, selecting different plot trace colors, chart

customization, and displaying and plotting data. File names may be selected or removed from a

current list of names located left of the Operations Menu. The data from each file in the list is

compiled and then plotted in a single chart. The lower section contains a list of the chart

parameters used during plotting.

The Change Chart Parameters Operation allows a limited number of parameters to be modified

or variable to accommodate the data. Table 6 presents a list of chart parameters that may be
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modifiedandtheir defaultvalues. However,in thecurrentsoftwareversion,severalof the
plottingparametersarehard-codedasconstantsand,therefore,non-variable.Thesearelistedin
Table7. Thedataprocessingsoftware'splottingparameterdefaultvaluesareveryspecificto the
dataformatof thefiles producedduringthecell phoneemissionstests.Thevariableandnon-
variableparametersareinitially selectedto expeditethedatareductionprocessasrelatedto the
cell phoneemissionstestsconductedin theHIRF Lab.
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Figure 10: Data Reduction and Plotting Software Main Panel

The Plot Data Operation imports the data, sets the plot parameters, and causes an Excel process

to execute. The process, utilizing the data sets and plot parameters, plots data to an Excel chart.

Once the Excel process completes plotting the data, the chart may then be modified, printed, or
saved.

While a chart that is automatically generated by the software will utilize variable and non-

variable parameters, the values can be changed manually once the chart is completed. The

changeable values include tick point increments and labels, legend position and labels, and line

styles. Future development requires that many of the parameters be variable so as to eliminate

the need for manual changes and to increase software usability and flexibility.
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Parameter Default

Chart Title "Data Title"

X Axis Title "MHz"

Y Axis Title "dBm"

X Axis Minimum and Maximum 1565,1585

Y Axis Minimum and Maximum -120, -50

XY Cross Over -120

Table 6: Variable Plotting Parameters and Default Values

Parameter Value

Y Axis Tick Point Increment 10

Number of X Axis Tick Points 10

Grid Vertical Lines Dashed

Grid Horizontal Lines Solid

Legend Series Lables Input File Names

Legend Position Upper Right Corner

Chart Style Line with Markers

Table 7: Non-Variable Plotting Parameters and Values

Database Structure

Input data files utilize a spreadsheet format as generated by the EMI Test Software Emissions

Test Operation and have at least two columns of data. Generated Excel charts may be saved to

the currently open data file or another user-specified Excel file.

Battery Life Data Screening Software Design

The block diagram in Figure 11 illustrates the design of the Battery Life Data Screening

Software. The two operations, Enter File Names and Plot Data, are within the scope of the Main

Panel. The numbers in each block indicate the normal order of operation. Information from the

user-specified data files is displayed and plotted in separate charts using Excel ActiveX objects.

The software sequences through all the input data files from a list as prompted.
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Figure 11: Battery Life Data Screening Software Design

The software sifts through large amounts of data in order to view maximum data values. The

current version of the software is very specialized and only handles data produced by the EMI

Test Software Spectrum Monitoring Operation. The input data must be in an Excel spreadsheet

format and organized, as specified, by the Spectrum Monitoring Operation. The software utilizes

system calls to perform directory-listing functions making it Windows 98 dependent. Later

versions are expected to accommodate Windows 2000 and Windows 98 system calls. In

addition, future development will focus on expanding the input file formats allowed and utilizing

MatLab and Excel plotting functions. User-controlled plotting parameters will also be provided.

Operations

Figure 12 presents the Main Panel of the Battery Life Data Screening Software. An Operations

Menu provides for entering a directory name and plotting and displaying data. A list of file

names contained in a user-specified directory is automatically generated and displayed in the left

section of the panel, thus, eliminating the need to select and enter each file individually. The

data from each file in the list is plotted to its own chart. All chart parameters are hard-coded as

constants and are selected based on the cell phone battery life emissions tests conducted in the

HIRF Lab. The Plot Data Operation imports data, sets plot parameters, and executes an Excel

process that plots the data. As seen in Figure 13, it provides a panel that displays a data plot, a

list of input data filenames, a list of worksheets contained in the current file, a frequency list, a

data values list, and the number of files to process.

The software automatically scans each file or workbook and determines the maximums for each

frequency. It then displays and records the maximums. Running maximums are computed and

maintained by examining the maximums of each input data file. The maximum values for each

file are then written to an Excel spreadsheet, as well as, the final maximum values computed

from all data files. The software sequences through the data files at a user-controlled rate. When

the software completes processing and plotting, all the data is saved in an Excel workbook.
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Figure 12: Battery Life Data Screening Software Main Panel
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Figure 13: Battery Life Data Screening Software Data Panel
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The Battery Life Data Screening Software was used to screen data produced during cell phone

battery life tests conducted in the HIR Lab. The data files were organized into directories by

phone type and bandwidths. Each directory was sorted by creation date and time. The software

was then able to process the data files sequentially. The time-ordered processing produced and

displayed emissions data as a phone was operated with batteries at full power, as the batteries

were exhausted, and then after the batteries lost all power. Future development will further

process data from the output Excel workbook containing the maximum values and provide

displays and plots of the data.

Database Structure

Battery Life Data Screening Software input data files must be in the format of Excel workbooks

generated during the Spectrum Monitoring Operation. Processed output data is recorded to an

Excel worksheet and saved as a workbook with a user-specified name and an .xls extension.

Each column in an output worksheet contains maximum values computed from data included in

each input workbook. The columns are headed by input file names. The last column contains

maximum values computed from all input data files.

Summary

The data collection and reduction software discussed in this paper composes a tool set for the

current and future HIR Lab radiated emissions tests, analysis, and research. Testing of wireless

devices and data analysis will continue. The test control software provided extensive automation

of radiated emissions tests and contributed to the integrity of the data produced during cell phone

testing. This software provided user interfaces, test and instrument control, and file generation
for the conduct of calibrations and radiated emissions tests. The data reduction software

expedited the data analysis process by automating data reduction and plot generation. The

customized software is currently specific to the format of the cell phone data, but will be more

generalized in future versions. The emissions test data was processed and the database populated

with reduced and plotted data.
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